Abstract Peripheral T-cell lymphomas (PTCL) are rare neoplasms that in most instances respond poorly to conventional chemotherapies. Four varieties-PTCL not otherwise specified (NOS), angioimmunoblastic T-cell lymphoma (AITL), ALK? anaplastic T-cell lymphoma (ALCL), and ALK-ALCL-account for about 60 % of them. Their classification is difficult because of the wide spectrum of morphologic features and the lack of robust immunohistochemical markers. Thus, high-throughput technologies can importantly contribute to their better understanding. In particular, gene expression profiling has cleared the borders among PTCL/NOS, ALK-ALCL and AITL. In fact, gene signatures have been developed even from formalin-fixed paraffin-embedded tissue samples that definitely distinguish one tumor from the other(s). This has important practical implications: for instance on routine diagnostics PTCL/NOS expressing CD30 can be easily confused with ALK-ALCL, but has a much worse prognosis. Therefore, the clear-cut distinction between the two conditions is pivotal to understand the results of ongoing trials with Brentuximab Vedotin, targeting the CD30 molecule. Besides improving the diagnosis, molecular studies have provided the rationale for the usage of novel drugs in the setting of PTCLs, such as ALK inhibitors in ALK? ALCL, anti-angiogenetic drugs in AITL, and tyrosine kinase inhibitors in PTCL/NOS and ALK? and ALK-ALCLs.
Background
Peripheral T-cell lymphomas (PTCL) are rare tumors derived from mature T-lymphocytes with different functional properties (e.g., cytotoxic, helper, regulatory, and follicular helper) and NK cells. They account for approximately 10 % of all lymphomas being relatively common in Asia and definitely rarer in Western Countries [1] [2] [3] . Each year, approximately 9500 new cases are diagnosed in Europe [ECO/IARC]. They affect more often adults and elderly people, the median age at onset being around 64 years. They are among the more aggressive lymphomas with cure rates below 30 % [4] . However, it should be noted that under the term ''PTCL'' a series of eighteen distinct entities and a few provisional ones are recorded in the last edition of the WHO classification. Indeed, while some of them are provided with a relatively good prognosis (i.e., large granular cell leukemia and most cutaneous T-cell neoplasms), others are more often incurable (i.e., nodal PTCLs and NK-tumors).
Among nodal PTCLs, angioimmunoblastic lymphoma (AITL), anaplastic large cell lymphoma (ALCL) ALK? and ALK-, and the not otherwise specified type (NOS) represent the commonest entities. Importantly, although for many years they have been managed as a unique tumor (with the possible exception of ALK? ALCL, especially in the pediatric setting), recent evidences pointed out that they are distinct on both the pathobiological and clinical ground. In particular, as they are provided with diverse prognosis [4] [5] [6] , different phenotypic and molecular profiles [6] [7] [8] [9] [10] , and distinct genetic patterns [11] [12] [13] [14] [15] , it is reasonable that in the near future ad hoc interventions will be adopted. In this regard, very recently Brentuximab Vedotin, a conjugated anti-CD30 monoclonal antibody (MoAb) was approved for the treatment of relapsed/refractory ALCL but not other PTCL subtypes, while clinical trials have been designed for specific subtypes [16] , many of which are currently ongoing.
In this article the Authors, based on their own experience and the literature data, will review the current knowledge on nodal PTCL biology with special reference to molecular genetics as possible basis for targeted treatments.
Molecular pathology of ALCL
ALCL is an aggressive but curable tumor characterized by hallmark large cells and consistent CD30 expression [17] .
ALCL has been the first PTCL for which a recurrent, pathogenetic lesion has been recognized, namely, the t(2;5)(p23;q35) leading to the fusion of nuclophosmin (NPM1) to the anaplastic lymphoma kinase (ALK) into the NPM1/ALK fusion transcript encoding for the corresponding chimeric protein [17] . Later on, variants of such translocation have been discovered, all leading to ALK overexpression [18, 19] . Of note, ALK expression currently defines a specific clinic-pathological entity [20] . For its diagnosis, the recognition of either the genetic lesion or the ALK protein expression pattern can be applied.
In the last decade, the pathogenetic effects of ALK have been largely studied. In particular, it has been demonstrated that ALK is necessary and sufficient for inducing ALCL development in vivo [21] [22] [23] and that ALK inhibition can be an effective therapeutic strategy [22, 24, 25] . Subsequently, the downstream signaling has been characterized, leading to a better comprehension of ALCL pathogenesis. Of note, ALK-aberrant tyrosine kinase activity enhances cell proliferation and survival, triggering several signaling cascades (including PI3K/AKT/mTOR, JAK/STAT3, RAS/ERK and others). Among them, STAT3 displays a pivotal role in ALCL tumorigenesis: it is constitutively activated by ALK either directly or through Janus kinase 3 (JAK3) and modulates the transcription of both antiapoptotic factors and cell-cycle regulators. STAT3 activation seems to be strictly required for ALK? ALCL cells survival, since its silencing leads to G1 cell-cycle arrest, followed by apoptotic death, making this transcription factor a potential therapeutic target. STAT3 knockdown is associated with a well-defined modulation of a large number of genes (many of which are downregulated by active p-STAT3); it has been proposed that some of these genes may be used as diagnostic tools to discriminate ALCL from PTCL, NOS [2, 8, 18, 22] . As ALK deregulation is the key pathogenetic event in ALK? ALCL, targeting ALK is an ideal therapeutic strategy. So far, however, data are relatively limited and further clinical studies are warranted; sensitivity of relapsed, advanced ALK-positive ALCL to crizotinib (an ALK tyrosine kinase inhibitor approved for the treatment of ALK? non-small cell lung cancer) has been reported in pediatric patients and small case series [26, 27] .
On the other hand, it has become clear that CD30 expression is per se a consequence of ALK activity (via RAS/ERK pathway) and in turn determines a downstream signaling that seems to be intricately linked to NF-kB; molecular analysis demonstrated that CD30 stimulation of ALCL cells leads to cell-cycle arrest without induction of apoptosis [28, 29] ; while induction of massive cell death is observed when a concomitant nuclear factor kB (NF-kB) blockade is established by a NF-kB inhibitor (IkBaDN) [30] or proteasome inhibitor [31] .
CD30 expression is uncommon in healthy tissues, and targeting CD30-positive cells may represent a selective treatment strategy; considering that the use of unconjugated anti-CD30 antibodies showed minimal clinical activity [32] , research efforts have been leaned mainly toward to antibody-drug conjugates that allow delivery of cytotoxic drugs to cancer cells, sparing CD30-negative tissues [18] . Indeed, Brentuximab Vedotin (an anti-CD30 monoclonal antibody conjugated to an inhibitor of microtubule polymerization) demonstrated to be highly effective even in heavily pretreated patients, and was then approved for the clinical usage [33, 34] (Fig. 1-ALK signaling) .
ALK-ALCL is currently included in the WHO classification as a provisional entity [35] . It is, by definition, indistinguishable from ALK? forms by both morphology and phenotype and only the detection of ALK allows a correct diagnosis. ALK-ALCL has been for a long time distinguished from the ALK? type due to its more aggressive clinical course. However, if an age-adjusted analysis is performed, thus excluding the ALK? cases occurring in children and younger adults, the prognosis of the two tumors does not appear to be strikingly different [5] . On the other hand, ALK-ALCL has to be distinguished by PTCL/NOS. In fact, it is characterized by a more favorable outcome [5, 6] and presents with a distinctive molecular profile. In this regard, we recently showed that gene expression profile (GEP) could discriminate ALK-ALCL and PTCL/NOS (including CD30? cases) with high accuracy, providing prognostic information more efficiently than conventional histopathology [6] .
The molecular genetics of ALK-ALCL to date is very poorly understood. Recently, a novel t(6;9)(p25.3;q32.3) translocation [36] has been identified by high-throughput sequencing (HTS), but its molecular effects remain to be defined. Of note, GEP indicated that STAT3 signaling is active in ALK-ALCL as in the ALK? cases [8] ; this finding possibly suggests that genetic events other than ALK rearrangements may occur in ALK-tumors, determining effects similar to those exerted by t(2;5). HTS studies are currently ongoing to solve this issue.
Interestingly, both ALK? and ALK-ALCL were shown to present PDGFRs expression, PDGFRB being expressed as a direct effect of ALK signaling through the JUNB transcriptional activity. Most importantly, PDGFRs inhibition by imatinib exerted a potent anti-lymphoma effect both experimentally and in clinics [37] .
Molecular pathology of AITL AITL was first described in 1974 as angioimmunoblastic lymphadenopathy with dysproteinemia [38] . It is clinically characterized by a typical (even though not completely specific for this disease only) clinical syndrome, including B-symptoms, skin rash, and hypergammaglobulinemia as a consequence of a prominent immune reaction. At morphology, AITL is quite characteristic as well, presenting with diffuse lymph node architecture defeating, clear cell cytology, abundant follicular dendritic cell (FDC) hyperplasia, and prominent and complex arborizing vascular structures [39] . Of note, numerous B-lymphocytes are typically observed, sometimes with EBV integration and clonal restriction. Clinically, the disease is quite aggressive and can be further complicated by possible transformation of the clonal EBV? B-cells into a diffuse large B-cell lymphoma [40] [41] [42] . At immunophenotyping, neoplastic cells are CD3?, CD4?, and more often lack one of more T-cell associated antigens such as CD5 and CD7 [43] . In addition, in the last few years it has been shown that AITL cells usually carry T-follicular helper (TFH) phenotype, BCL6, CD10, CXCl13, PD1, SAP, and ICOS being variably expressed [43] [44] [45] [46] . This is definitely consistent with the evidences emerged form GEP studies, that demonstrated as AITL is closely related to TFH cells [7, 47] . Beside the diagnostic implications (TFH markers can be useful in discriminating AITL from other PTCL types), the derivation from TFH cells may have intriguing pathogenetic implications. In fact, on the one hand, the fact that one of the commonest T-cell tumors derive from one of the rarest T-cell subsets, may suggest that TFH is particularly exposed to the risk of transformation. Of note, they lie within germinal centers, the functional structure from which most B-cell lymphomas derive. On the other hand, TFH is deputed to a close interaction with both B-lymphocytes and FDCs, which is commonly over-represented in AITL cases. It is conceivable that as in physiological conditions these cell types provide trophic signals to each other, the neoplastic clone may obtain beneficial support from the surrounding microenvironment. To test this hypothesis, the GELA group recently designed a clinical trial including rituximab in the treatment of AITL. Even though a preliminary analysis suggested a beneficial effect from the addition of rituximab, the final results did not confirm it [16] . Nonetheless, a functional role of B-cells in the pathogenesis of the disease could not be completely ruled out and further functional studies would be warranted. In this regard, our group recently showed that mast-cells accumulating in AITL may play a significant role as they induce and expand the Th17-cell subset (that we found significantly more represented in AITL microenvironment than in PTCL/NOS cases) through IL-6 production; these Th cells are involved as a key factor in the pathogeneses of autoimmunity [48] and their increase may explain the high frequency of autoimmune phenomena occurring in the setting of AITL [49] .
GEP analyses also indicated that many genes involved in promoting angiogenesis characterize the molecular signature of AITL. Particularly, VEGF appeared to be involved. Interestingly, despite evidences that VEGF is produced by by-stander non-neoplastic cells [47] , we and others clearly demonstrated that VEGF can be produced by neoplastic cells as well [7, 47, 50] . In addition, we demonstrated that AITL cells do also express the VEGFR1/ KDR. Therefore, it is conceivable that VEGF production not only promotes angiogenesis but also directly stimulates tumor growth through an autocrine/paracrine loop. Remarkably, subsequent clinical reports indicated a promising sensitivity of relapsed/refractory AITL patients to drugs provided with antiangiogenic properties such as bevacizumab, thalidomide and lenalidomide [51] [52] [53] [54] .
More recently, the genetics of AITL has been further explored offering relevant insights into its pathogenesis. In particular, different studies demonstrated a high incidence of somatic mutations in IDH2 (identified in 20 and 47 % of test set and independent set cases, respectively) and TET2 (identified in 40 of 86 AITL cases, 47 %) genes [12] [13] [14] . Both IDH2 and TET2 encode for proteins involved in epigenetic regulation suggesting that disruption of gene expression regulation by methylation and acetylation may be involved in AITL development and or progression. In this regard, a histone deacetylase inhibitor (HDACi), romidepsin, has been recently approved in USA for the treatment of relapsed/refractory PTCLs, including AITL. Consistently, a bioinformatics prediction by Connectivity map [http://www.broadinstitute.org/cmap/] indicated that HDACi could revert the transcriptional profile of AITL that is related to its malignant phenotype (personal observation).
Additional genetic findings include the presence of mutations affecting ROHA small GTPase gene (RHOA G17V) [55, 56] .
Molecular pathology of PTCL/NOS
PTCL/NOS is the commonest PTCL, representing roughly 30 % of all cases. It probably encompasses more than one single disease as suggested by the great morphological, phenotypical and genetic heterogeneity. In particular, at morphology, the neoplastic population can include small-, medium-, and large-sized cells in variable proportions with more monomorphic (with either small or large cells) or polymorphic patterns. The immunophenotype is typically aberrant with T-cell associated antigens defect and inappropriate CD4/CD8 expression patterns that do not correspond to the effective functional lineage as demonstrated by GEP [7, 44] . Of note, more than half of the cases present with significant CD30 expression [10] , making the differential diagnosis with ALCL ALK-more challenging and suggesting the possible usefulness of anti-CD30 therapies.
On the other hand, as far as genetic is concerned, it should be noted that only few studies dealt with PTCL/ NOS karyotyping. A few comparative genomic hybridization/SNPs array studies indicated that no recurrent specific lesions could be appreciated, but rather a complex pattern was common [57] [58] [59] . Interestingly, a small percentage of cases showed aberrations at the 2p15-16 locus, where REL maps. In these cases, pNF-kB pathway activation could be then documented [57] .
Further insights into PTCL/NOS biology were later provided by GEP studies [7, 9, [60] [61] [62] [63] . Specifically, GEP demonstrated for the first time that PTCL/NOS could correspond to either helper or cytotoxic lymphocytes, independently from the expression of CD4 and CD8, with possible prognostic implications [7, 9] . Further, it was shown that a fraction of PTCLs/NOS had a molecular profile related to those of TFH, similarly to AITL [47] . Interestingly, a significant percentage of TFH-related PTCL/NOS presents the same mutation pattern of AITL (IDH2 and TET2); however, based on GEP they are distinct from AITL, this extending the spectrum of TFH-related neoplasm to at least two different PTCL types. In support of this hypothesis, a recurrent t(5;9)(q33;q22) translocation, leading to SYK overexpression and activation, has been described in follicular PTCL (that present a TFH phenotype) but not in AITL [64, 65] .
In addition, despite the global heterogeneity of PTCL/ NOS, GEP indicated that a series of genes and cellular programs are consistently deregulated in most instances. Among others, the tyrosine kinase receptor PDGFRA turned out to be commonly overexpressed and activated in virtually all cases. Interestingly, PDGFRA signaling is not sustained by primary genetic lesions of the gene, but rather by autocrine stimulation. Recently, evidences that PDGFRs inhibition can be an effective strategy for PTCL/NOS therapy were also reported [37, 66] , opening a new scenario in this setting. Of note, other PTCL types, including NK-derived tumors, do share this feature [7, 64] .
As far as the new possible therapeutic strategies are concerned, GEP also showed that abnormalities in the molecular profile of PTCL/NOS were compatible with epigenetic deregulation [7] . Accordingly, HDACi were found to be effective ex vivo [7] and later on were approved for the treatment of relapsed/refractory patients in USA [67] . Further, consistent expression of Aurora kinase A was recently reported [68] [69] [70] [71] and specific trials with Aurora kinase inhibitors have initiated.
More recently, as high-throughput sequencing techniques have become available, efforts have been made to uncover the genetic bases of PTCL/NOS. However, so far no highly recurrent lesions were identified, confirming the genetic heterogeneity of the disease. On the other hand, some specific pathways seemed to be particularly affected, including FYN, WNT/B-Catenin (APC, CHD8, and CELSR2), NOTCH (NOTCH1 and FBXW7), and NF-kB (TNFAIB3), based on very recent preliminary reports [15, 72] . Perhaps, the integration of GEP data with mutational ones will be of help in defining genetic subgroups with recurrent lesions and well-defined expression profiles.
Conclusion
In conclusion, emerging evidences support the concept that the commonest nodal PTCL types (AITL, ALCL ALK? and ALK-, and PTCL/NOS) have distinct pathobiological [73] and clinical features. As common pathogenetic pathways could be identified, similar approaches in different subtypes are possible as in the case of many B-cell lymphomas (e.g., BCR-signaling and NF-kB inhibition, or CD20 targeting). However, PTCLs need to be considered as separate entities when clinical trials are designed and specific targets should be also tested at the clinical level. Prospectively, the integration of all available genomic data will probably better define these diseases offering new opportunities to a significant number of lymphoma patients.
